Arterial segments (<250 jim o.d.) excised from canine ileum were mounted in a chamber that permitted arterial transmural pressure (TMP) to be altered and measured. Subsequently, the periarterial nerves were field stimulated with single pulses (0.1 msec, 70 V), and the resting membrane potential (Em) as well as the nerve-mediated alterations in smooth muscle Em were measured using intracellular microelectrodes at TMPs between 0 and 160 mm Hg. The resting Em was greatest at TMPs of 40 mm Hg (-54.7 ± 2.6 mV) and depolarized as the TMP was increased, reaching a value of -44.8 ±3.1 mV at 160 mm Hg. At TMP >60 mm Hg, a proportion of the preparations exhibited spontaneous electrical activity (SA) consisting of constant rhythmic oscillations in Em or action potentials (APs) or of trains of rhythmic APs that progressively decreased in amplitude, interrupted by periods of hyperpolarization. SA stopped when the TMP was lowered to 40 mm Hg and was reestablished when the TMP was reelevated to TMPs above 60 mm Hg. Nerve stimulation evoked excitatory junction potentials (ejps) or APs. At constant stimulus parameters, ejps of maximum amplitude having the greatest rate of potential rise and fall were produced at TMP of 100 mm Hg. At TMPs >100 mm Hg or <100 mm Hg, the amplitude and the rate of rise and fall of the ejps decreased. Ejps formed in response to a constant single pulse stimulus (0.1 msec, 70 V) elicited APs only at TMPs s60 mm Hg. Neither ejps nor APs were inhibited by a-receptor-blocking agents. These studies indicate that the TMP at which an artery is maintained plays an important role in determin i ng the resting Em, the occurrence of spontaneous action potentials, and the alterations in Em associated with nerve stimulation. (Circulation Research 1988;62:1104-1110 P revious studies involving isolated, pressurized cat and rat cerebral and guinea pig mesenteric arteries have demonstrated that the resting membrane potential (Em) varies with transmural pressure (TMP) 1 " 3 and that under certain conditions such arteries exhibit spontaneous action potentials.
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Arterial segments (<250 jim o.d.) excised from canine ileum were mounted in a chamber that permitted arterial transmural pressure (TMP) to be altered and measured. Subsequently, the periarterial nerves were field stimulated with single pulses (0.1 msec, 70 V), and the resting membrane potential (Em) as well as the nerve-mediated alterations in smooth muscle Em were measured using intracellular microelectrodes at TMPs between 0 and 160 mm Hg. The resting Em was greatest at TMPs of 40 mm Hg (-54.7 ± 2.6 mV) and depolarized as the TMP was increased, reaching a value of -44.8 ±3.1 mV at 160 mm Hg. At TMP >60 mm Hg, a proportion of the preparations exhibited spontaneous electrical activity (SA) consisting of constant rhythmic oscillations in Em or action potentials (APs) or of trains of rhythmic APs that progressively decreased in amplitude, interrupted by periods of hyperpolarization. SA stopped when the TMP was lowered to 40 mm Hg and was reestablished when the TMP was reelevated to TMPs above 60 mm Hg. Nerve stimulation evoked excitatory junction potentials (ejps) or APs. At constant stimulus parameters, ejps of maximum amplitude having the greatest rate of potential rise and fall were produced at TMP of 100 mm Hg. At TMPs >100 mm Hg or <100 mm Hg, the amplitude and the rate of rise and fall of the ejps decreased. Ejps formed in response to a constant single pulse stimulus (0.1 msec, 70 V) elicited APs only at TMPs s60 mm Hg. Neither ejps nor APs were inhibited by a-receptor-blocking agents. These studies indicate that the TMP at which an artery is maintained plays an important role in determin i ng the resting Em, the occurrence of spontaneous action potentials, and the alterations in Em associated with nerve stimulation. (Circulation Research 1988;62:1104-1110) P revious studies involving isolated, pressurized cat and rat cerebral and guinea pig mesenteric arteries have demonstrated that the resting membrane potential (Em) varies with transmural pressure (TMP) 1 " 3 and that under certain conditions such arteries exhibit spontaneous action potentials. [1] [2] [3] [4] These alterations are myogenic in origin, and the mechanisms involved in producing these electrophysiological phenomena are unknown. Alterations in TMP could, however, alter membrane ionic permeabilities, the passive membrane properties of the vascular smooth muscle cells (VSMCs), 1 or the spatial relation between nerves and muscles and/or perhaps liberate an endothelial-dependent activating agent. 2 If such alterations were to take place, TMP might also be expected to alter the characteristics of the postsynaptic potential changes during nerve stimulation. In view of this, a study was undertaken to determine the effects of TMP on the resting Em and neurotransmission in pressurized canine ileum arteries.
Materials and Methods
Mongrel dogs were euthanized with an overdose of sodium pentobarbital. A 3-cm section of ileum, 5 cm proximal to the cecum, was tied at each end, cut out from the rest of the intestine, and placed in ice-cooled aerated Krebs solution (physiological salt solution [PSS] ) with composition of (mM) Na + 139, K + 4.6, Mg +2 1.2, C a + 2 2 . 5 , C M 2 0 , HCOj 22.1, SCV 1.2, PO 4~3 1.2, and glucose 11.1. Segments of small arteries approximately 0.5 cm in length and <250 /nm in diameter that were free of side branching were dissected out from the ileum while it was submerged in aerated PSS. These arterial segments were then tied onto a pipette in the form of a blind sac, which was filled with the same PSS and was connected to a reservoir containing PSS. The reservoir as well as the mounted artery could be pressurized to any TMP via a sphygmomanometer. The external surface of the artery was suffused with aerated PSS (95% O 2 -5% CO 2 , pH 7.4) that was kept at a temperature of 37° C.
At the beginning of an experiment, the arteries were equilibrated at a TMP of 100 mm Hg for 30 minutes after which time the artery was checked for leaks. Arteries exhibiting leaks that caused the TMP to drop from 100 to below 95 mm Hg over the 30-minute equilibration period were rejected for study. After equilibration, the TMP was altered randomly from 100 mm Hg to 0, 40, 80, 120, 140, or 160 mm Hg, during which time the resting Em of the vascular smooth muscle was measured using intracellular microelec-trades (tip resistances, 40-60 Mft). Periarterial nerve stimulation (PNS) at each TMP was achieved by two platinum wire electrodes placed transversely on either side of the artery, connected to a Grass S88 stimulator (Grass Instruments, Quincy, Massachusetts) via a stimulus isolation unit. Unless specified otherwise, single pulses having a duration of 0.1 msec and a potential difference of 70 V were used to stimulate the nerves.
A VSMC was considered to be successfully impaled by a microelectrode only if a single pulse PNS produced either excitatory junction potentials (ejps) with or without APs or if, in the absence of nerve stimulation, the preparation exhibited spontaneous action potentials or oscillations in Em. During such impalements, the resting Em was measured as the change in Em observed when the microelectrode was withdrawn from the cell at the end of an impalement. AJ1 the above electrophysiological events were recorded on tape using a Hewlett-Packard FM recorder (Palo Alto, California) for subsequent playback and analysis. Hard copies of the traces were obtained using a Gould 2200S pen recorder (Cleveland, Ohio).
An unpaired t test was used to compare the means of the data. Two means were considered significantly different at p<0.05. The mean values in the data are represented as the mean ±SEM. Table 1 summarizes the resting Em present at TMPs between 40 and 160 mm Hg in arteries showing either ejps or APs in response to single pulse nerve stimulation. The Em was most negative at TMPs of 40 mm Hg. Increasing the TMP to a maximum of 160 mm Hg caused the VSMCs to depolarize. Arteries were also studied at TMPs of 0 mm Hg. In the absence of pressure, the arteries collapsed and arterial surface often rippled, making impalements difficult. Under these conditions, the mean Em±SEM was -45.4±2.3 mV. To determine if the low Em values observed were due to the condition of the artery, other arteries were p<0.0l for 1 and 2, 1 and 3, 1 and 4, 1 and 6, 2 and 6, 3 and 6, 4 and 6, and 5 and 6.
Results

Effect of Transmural Pressure on Resting Membrane Potential
Values are mean±SEM.
studied at TMP of 0 mm Hg. However, in these instances, the arteries were pinned over the stimulating electrodes in a manner where the arterial surface was no longer rippled and provided a flat surface for impalement. Under these conditions, the mean Em was -51.5 ±0.84 mV (10 arteries/10 dogs/46 impalements) and was not significantly different from the resting Em present at TMPs of 40 mm Hg. Although the most typical observation was the presence of a constant resting Em (no spontaneous activity), a proportion of the preparations exhibited spontaneous oscillations in Em or spontaneous action potentials (SA). Figure 1 shows representations of the types of SA observed. In some cases, the preparations exhibited constant rhythmic action potentials (APs) similar in amplitude and configuration to those evoked by single pulse PNS ( Figure 1A ). In other preparations, oscillations in Em were observed that had a slower rate of rise and fall as well as a lower amplitude than nerve-evoked responses ( Figure IB ). Another pattern of SA shown in Panels C and D consisted of trains of action potentials or oscillations in Em, interrupted by quiet periods containing no spontaneous activity. In some cases, the start of a train took the form of an AP with subsequent oscillations in Em decreasing in amplitude. Single pulse PNS during quiescent periods or periods of spontaneous activity elicited the formation of either an ejp that initiated an AP ( Figure  1C ) or an ejp ( Figure ID) .
In a population study of arteries pressurized to TMPs between 0 and 160 mm Hg, SA never occurred in arteries at TMPs of 0 and 40 mm Hg and was observed in only one impalement at a TMP of 80 mm Hg. However, at TMPs >100 mm Hg, SA was present during at least one impalement in 16 out of 31 arterial preparations. Table 2 outlines the frequency of occurrence of SA at the various TMPs studied. In individual arteries exhibiting SA, elevating the TMP up to 160 mm Hg had no effect on such activity; on the other hand, decreasing the TMP to 40 mm Hg caused the SA to disappear. In some cases, SA could subsequently be reestablished by reelevating the TMP to values near or above 100 mm Hg. Figure 2 demonstrates this point by showing tracings arranged in decreasing magnitudes of TMP obtained from the same artery. The sequence of TMP change was as follows: from 115 to 144 to 40 to 92 (not shown) to 60 to 10 to 5 mm Hg (not shown). In this artery, only TMP 5:60 mm Hg initiated spontaneous electrical activity. SA was found to occur in the presence of prazosin (1.4X 10"* M) and yohimbine (10"* M) and in arterial preparations that had nonfunctioning nerves (could not initiate ejp formation upon stimulation).
Effect of Transmural Pressure on Nerve-Mediated Alterations in Postsynaptic Potential
Single pulse PNS (0.1 -msec duration, 70-V stimuli) typically produced ejps. However, in a majority of the preparations, the above stimulation parameters produced ejps that initiated APs. At times, such APs were followed by a phase of secondary depolarizations. The Table 2 . APs were never formed from ejps at TMPs of 0 mm Hg when arteries were stimulated with a 0.1-msec, 70-V stimulus, and such an occurrence took place during only one impalement at 40 mm Hg. However, at TMPs >80 mm Hg, single pulse stimuli were capable of evoking APs during 25-71% of the impalements. Table 3 summarizes the characteristics of the ejps evoked by nerve stimulation at various TMPs, while Figure 4 represents the average signal configurations of the ejps present at each TMP. The latency times between the stimulation artifact and 37% of the peak potential rise of the ejps ([STA to 1/e] in Table 3) were not greatly altered with TMP. The time intervals between the peak potential rise and the decline of such potential to 1/e as well as the total time duration of the ejps ([PA to 1/e] and [EJP Dur], respectively, in Table  3 ) were greatest when the nerves were stimulated at TMPs of 40 mm Hg and gradually declined as the TMP was increased to 160 mm Hg. 2 indicated that the pressure-induced myogenic depolarization in cat middle cerebral arteries was dependent on the presence of an intact endothelium. Harder 2 speculated that endothelial cells may serve a "transducer function" in that a mechanical force could liberate a chemical mediator, which in rum could activate adjacent arterial VSMCs.
Alterations in Em with respect to TMP have also been observed in in vivo preparations of rat tail arteries. 5 In this preparation, the most negative Em values occurred at TMPs of 80 mm Hg. Increasing the TMP above 80-150 mm Hg or decreasing the pressure to 60 mm Hg produced VSMC depolarization. It is of interest to note that in vivo, canine ileum arteries also exhibited a slight biphasic response to altered TMPs. In these arteries, the most negative Em was observed at TMP of 40 mm Hg; decreasing the TMP to 0 caused the mean resting Em to decrease slightly, while in : creasing the TMP from 40 to 160 mm Hg caused the VSMCs to depolarize significantly.
Another property of pressurized arteries often observed is the occurrence of SA or spontaneous oscillations in Em.
"
6 Such activity has been observed in in vivo preparations of guinea pig mesenteric arterioles and rat tail arteries 56 and in in vitro studies of isolated, pressurized cat and rat cerebral'" 3 and guinea pig mesenteric 4 arteries. On the other hand, studies involving isolated pressurized rabbit saphenous 7 and guinea pig ear arteries 8 have failed to demonstrate the presence of spontaneous oscillations in Em. Likewise, such activity is virtually always absent in arteries that are pinned to Silgard or in arterial segments that are mounted in myographs, 9 
15 even under conditions where the wall tension has been adjusted to correspond to that present in vivo at normal and high blood pressure levels.
The reasons why SA does not occur under the latter experimental conditions is not known; however, a number of factors have been shown to play important roles in determining such activity. Zelcer and Sperelakis 4 have shown that in guinea pig mesenteric arteries such activity is highly temperature-sensitive and ceases to exist if the bath temperature is lowered from 37° to 35° C. Another important factor in determining SA is TMP. Harder 1 observed that SA was present in cat cerebral arteries only at TMPs of 100 and 120 mm Hg and not at lower TMPs. Zelcer and Sperelakis 4 observed that the frequency of occurrence of SA in guinea pig mesenteric arteries was higher at TMP of 40 than 5 mm Hg and absent at TMPs of 0 mm Hg. In the present study of canine ileum arteries, SA was absent at TMPs of 0 and 40 mm Hg, quite rare at 80 mm Hg, and quite common between 100 and 160 mm Hg.
The mechanisms through which alterations in TMP
. Initiation of action potential by excitatory junction potential (ejp). Panels A-D: ejps and!or action potentials obtained from same impalement. During this impalement, stimulus intensities of 80 V initiated formation of action potential (i.e., see arrow in Panel B). Still higher stimulus strengths (150V) initiated action potential (I) followed by secondary depolarization (SD), which in turn initiated second action potential (2) that was followed by long, lingering period of depolarization (3). Transmural pressure, 100 mm
Hg; s, time at which stimulus was applied.
initiate SA are unknown. Because Em is altered with TMP, a decrease in Em produced by elevating TMP could bring the resting Em within a threshold range where the initiation of SA could take place. Consistent with this hypothesis, SA in canine ileum arteries was never observed at any TMP if the resting Em exceeded -55 mV. Furthermore, in arteries exhibiting SA, periods of hyperpolarization caused the SA to stop. SA subsequently resumed when the Em depolarized to levels present prior to hyperpolarization (see Figure  1C ). The level of the resting Em, however, is probably not the only important determinant of SA. At TMPs of 0 and 40 mm Hg, SA was never observed, regardless of the level of the resting Em. Furthermore, arteries pressurized to TMP of 80 or 100 mm Hg had comparable resting Em values, yet S A rarely occurred at a TMP of 80 mm Hg and was quite prevalent at TMPs of 100 mm Hg. Finally, despite the fact that elevating the TMP from 100 to 160 mm Hg further depolarized the VSMC, the frequency of occurrence of SA was not further increased. In view of the above results, it would appear that elevating the TMP to values s i 0 0 mm Hg creates a condition that in part acts independently of any change in Em and permits SA to occur. In studies performed on pressurized rabbit saphenous and guinea pig ear arteries, 78 SA was absent. However, elevations in TMP did not depolarize the VSMC, and Em values were very negative (-65 mV). Furthermore, in the case of guinea pig ear arteries, 8 the maximum pressure at which this artery was studied was 60 mm Hg. The very negative Em levels in both studies as well as the lack of sufficient pressurization in the case of rabbit ear arteries could have contributed to the absence of SA in these tissues. It could also be STA to 1/e, time interval between stimulus artifact (STA) and 37% maximum rise of the excitatory junction potential (ejp); PA to 1/e, time interval between peak potential rise and 63% maximal decline of ejp; EJP dur, time duration of ejp; Rise rate, rate of rise of ejp; EJP ampl, peak potential amplitude of ejp.
possible that the ability of an artery to elicit S A differs between species and arterial classes. Some myographic studies involving arterial segments mounted on wires have demonstrated the presence of a stretch-dependent increase in myogenic tone and oscillations in tension, 1617 which suggest the presence of VSMC depolarization and SA. However, with the exception of a study performed by Harder et al, 18 electrophysiological studies involving arterial segments mounted in a myograph have, for the most part, failed to demonstrate the occurrence of spontaneous oscillations or SA in Em, even when the tensions have been adjusted to levels that would be present under physiological TMPs. 15 As discussed by Harder, 1 myogenic VSMC depolarization and the occurrence of SA are readily observed in cat middle cerebral arteries when such arteries are pressurized to the appropriate TMP, yet these same arteries lack this activity when mounted in a myograph. It is our speculation that, at least in some studies involving myographs, the threading of a wire through the arterial lumen could extensively damage the arterial endothelium. If depolarization and the occurrence of SA were in part dependent on the presence of an intact arterial endothelium, such damage could prevent these phenomena from occurring in a myograph system. Consistent with this speculation, recent studies by Harder 2 have shown that deendothelialized cat middle cerebral arteries no longer exhibit VSMC depolarization or the occurrence of SA when they are pressurized.
The effect of TMP on ejp characteristics has been studied twice with differing results. In experiments performed on the rabbit saphenous arteries, Surprenant 7 mentions that ejp amplitude did not change at TMP between 60 and 120 mm Hg. On the other hand, in experiments performed by Keef and Neild 8 using pressurized guinea pig ear arteries, an elevation in TMP from 0 to 60 mm Hg increased the amplitude of ejps and enhanced the ability of ejps to produce AP. The latter observations are more consistent with the observations made in the present study involving canine ileum arteries where elevations in TMP from 0 to 100 mm Hg increased the amplitude of ejps while AP formation in response to nerve stimulation took place only at TMP S40 mm Hg. However, in the present study, elevating TMP above 100 mm Hg decreased the amplitude of the ejps that were formed.
The mechanisms producing these above alterations are unknown. The amplitude of the ejps is in part dependent on the resting Em, being greater at more negative Em values. 7 In the case of ileum arteries, the lowest ejp amplitudes occurred at TMP 160 mm Hg where Em was least negative. However, ejps of maximal amplitude occurred at TMP of 100 mm Hg, while the most negative resting Em values were observed at TMP of 40 mm Hg. Furthermore, in studies performed by Keef and Neild, 8 the resting Em did not change in rabbit ear arteries when TMP was elevated from 0 to 60 mm Hg; however, such a change in TMP increased the amplitude of the ejps observed. This suggests that a change in the resting Em in response to altered TMP is likely not the only factor playing a role in altering the amplitude of ejps.
Another possibility that was investigated was whether increases in TMP could cause the nerve varicosity to muscle distance to decrease and therefore increase the efficiency of neurotransmission. 19 Such an alteration might be expected to produce a decrease in the latency time between stimulation and the initiation of the ejp, and this parameter did not change with TMP in the ileum arteries. Furthermore, this mechanism would predict that ejp amplitude would increase with TMP when in fact the alterations in ejp amplitude with respect to TMP were biphasic, increasing up to TMPs of 100 mm Hg and subsequently decreasing at higher TMPs.
At the present time, a full explanation of the mechanisms underlying the biphasic changes in ejp amplitude in response to elevated TMP cannot be made.
However, it is of interest to note that neurotransmission is adapted in a manner where it is most efficient at TMPs that approximate physiological blood pressures.
Our studies indicate that TMP plays an important role in determining the level of the resting Em, the occurrence of SA, and the postsynaptic potential changes associated with PNS. This suggests that TMP is an important variable affecting myogenic and neural function of resistance arteries. It is our view that this variable should be controlled in neurotransmission studies involving arterial systems.
